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ABSTRACT

A parametric study was undertaken to examine the effects of scattering on the combined
reflection and thermal radiation emission of a typical semitransparent thermal barrier coating
material. Some ceramic materials are semitransparent in the wavelength ranges where thermal
radiation is important. Therefore, absorption, emission, and scattering of thermal radiation by
the layer will affect the heat transfer and temperatures profile. The total radiation leaving one
side of the layer is the external radiation reflected back by the interface, radiation emitted
internally by the layer and transmitted through the interface, radiation scattered by sites in side
the layer and transmitted through the interface, and radiation transmitted through the layer from
the surroundings on the opposite side. Total internal reflection of scattered and internally
emitted radiation, affects the radiation leaving the layer and the temperature profile. A one
dimensional model of a semitransparent layer heated on one side and cooled on the other by
convection and radiation is used. The coating is assumed to be gray (absorption and scattering
coefficients are not function of wavelength). The absorption coefficient, scattering coefficient,
and convective heat transfer coefficient are varied. The total radiation leaving the layer in each
direction is presented as a function of scattering for a range of absorption coefficients.

Temperature profiles inside the layer are presented showing the effect of scattering and
absorption.

INTRODUCTION

Thermal barrier coatings (TBCs) are being developed for use in gas turbine engines. The
TBCs can be made more effective by decreasing the heat conducted and/or radiated through
them. Some thermal barrier coatings are partially transparent to thermal radiation. For example,
zirconia is semitransparent to around 5 pm (refs. 1 and 2). In semitransparent materials, both
thermal radiation and heat conduction determine the temperatures and the heat transferred.
Scattering, absorption, emission, and the refractive index determine the radiative heat transfer in
a semitransparent material. The external and internal reflection of an interface depends on the
refractive index of the materials on each side of the interface. If thermal radiation is going from
a material with a higher refractive index to one with a lower refractive index, there is a total
reflection of the radiation at angles greater than the critical angle. Also, the thermal radiation
emitted internally by a material depends on the square of the refractive index. The thermal
radiation passing through the interface is decreased by internal reflections, which includes total
internal reflection, so the energy emitted by the layer can not exceed that of a blackbody. The
refractive index can have a considerable effect on the temperature profile in a layer.

The scattering and absorption coefficients determine the amount of thermal radiation
absorbed, emitted, and scattered. These coefficients have units of reciprocal length. The
reciprocal of the coefficients can be considered as the mean distance traveled before absorption
or scattering occurs (ref. 3 page 424). The smaller the coefficient the larger the distance thermal
radiation will travel before being absorbed or scattered. When thermal radiation is absorbed or

This is a preprint or reprint of a paper intended for presentation at a

conference. Because changes may be made before formal

publication, this is made available with the understanding that it will
~ not be cited or reproduced without the permission of the author.



emitted by a material its temperature changes. Absorption and emission therefore have a direct
effect on the temperature of a material. Scattered thermal radiation has no effect on the
temperature of a material unless it is absorbed. Scattering in some cases can augment absorption
in determining the temperature profiles in a material ref. 4.

Increasing the scattering of a TBC is being considered as a method to improve there
performance. A parametric study was performed to determine the effect scattering and
absorption has on the thermal radiation reflected and emitted by a gray (absorption and scattering
not a function of wavelength) layer. An absorption coefficient of a = 0.1346 cm™ and a
scattering coefficient of o5 = 94.38 cm’! were used as a base line. These coefficients are in the
range of those of zirconia in wavelengths where it is transparent ref. 2. Because scattering
depends on the material structure and the absorption is affected by impurities and temperature,
the absorption and scattering coefficient are increased and decreased from the base line. The
thermal radiation reflected, emitted, and transmitted through the layer is presented along with
some internal temperature profiles.

MODEL
The model used, Fig. 1, is a semi-infinite surface. There is diffuse radiative and convective
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heat transfer on each side. The external radiative heating is q;° and q,;°. The hot side gas and
surrounding temperatures, Ts; and Tg;, are 2000K and the cold side temperatures Ts; and Ty, are
800K. The layer is 1 mm thick and has a thermal conductivity k = 0.8 w/mK. The base line heat
transfer coefficients are h; = 250 w/m?K on the hot side and h, =110 w/m*K on the cold side.
These condition were used by Siegel (ref. 5) to determine internal radiation effects in a zirconia
based TBC. The refractive index, n, of the layer is 2.1. The surface reflections, p, were
calculated using Fresnel’s equation (see appendix A) for a non-absorbing layer. This assumption
is good for the absorption coefficient used here, (refs. 6 and 7). A two flux approximation was
used to calculate the thermal radiation coming from the hot and cold sides and the temperature
profiles in the layer. The two flux equations and a method of solving them are in ref. 8. The
thermal radiation coming from the each side of the layer, qou, is the sum of the incoming thermal
radiation reflected back by the interface q the thermal radiation emitted and scattered
internally and transmitted through the interface qs., and the thermal radiation from the opposite
side transmitted through the layer q, Fig. 2.

EFFECT OF ABSORPTION AND SCATTERING

The effect of scattering and absorption on the radiation leaving each side of a plane layer is
present in Fig. 3. The thermal radiation leaving the layer has been normalized by the thermal
radiation incident on the layer from the hot surroundings, SO qnout = qout/cTsl4 The thermal



radiation leaving the hot side of the layer increases with the scattering coefficient, while the
thermal radiation on the cold side decreases with scattering coefficient. The effects of scattering
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Figure 3. Effect of absorption on the reflected, emitted and

transmitted thermal radiation as a function of scattering

on qnou are greater for lower scattering coefficients. As the absorption of the layer increases, the
effect of scattering decreases. At the highest absorption coefficient of, a = 134.6 cm’, the effect
of scattering is small. As the absorption increases the thermal radiation leaving the hot side
decreases and the thermal radiation leaving the cold side increases, except at lower scattering
coefficients where some opposite effects take place. For low scattering, coefficients the
radiation out from the hot side at first decreases with absorption and the increases. On the cold
side the thermal radiation out increases with absorption for low scattering coefficients.

The effects of scattering on the temperature profiles in the semi-transparent layer are shown
in figures 4 and 5. Included in the figures are the temperatures profiles for an opaque and
transparent layer (see appendix A for the equations). Figure 4 is for the base line absorption
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Figure 4. Effect of scattering on temperature profiles for

an absorption coefficient of 0.1346 cm”™

coefficient of a = 0.1356 cm™'. The temperatures are nearly the same at the front surface for all
but the highest scattering coefficient which is lower and closer to the transparent limit. As the
absorption coefficient is reduced the temperatures profiles approach those of a transparent layer.
Reducing the absorption coefficient by a factor of 10 to 0.01356 cm™, results in temperature
profiles that are within about 5K of a transparent layer. When the absorption coefficient is




reduced by a factor of 100 to 0.001356 cm™ the profiles are

transparent layer.
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In figure 5 the absorption coefficient of the layer is increased by a factor of 1000 to 134.6
cm™'. The temperature profiles now are approaching the opaque limit. The temperatures near the
front side of the layer are lower than those of an opaque layer, while the temperatures near the
backside of the layer are higher than those of an opaque layer. As the scattering increases the
temperature profiles come even closer to the opaque limit. There is a slight curvature in the
temperature profiles near the external surfaces indicating radiation plays a role in the heat

transfer process.

Effect of heat transfer coefficient

The effect increasing the heat transfer coefficients from the base line, h; = 250 w/m? and hy, =
110 w/m? is shown in figures 6 and 7. The absorption coefficient in figure 6 is the base line
0.1346 cm™. Increasing the heat transfer coefficient has almost no effect on the thermal
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radiation leaving the front side of the layer. There is a small effect on the back side, where the
thermal radiation leaving decreases slightly with increasing heat transfer coefficient. In figure 7
the absorption coefficient is increased by a factor of 1000 to 134.6 cm™. Now the thermal



radiation leaving the front side increases with the heat transfer coefficient, while the thermal
radiation leaving the backside decreases as the heat transfer coefficient increases. The change in
Gnout With heat transfer coefficient is larger on the back side of the layer than the front side.
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CONCLUSIONS

Scattering can have a significant effect on the thermal radiation that leaves the surfaces of a
semitransparent layer. A parametric study was performed to determine the effects scattering and
absorption have on the thermal radiation leaving the surfaces of a semitransparent layer. A one
dimensional model was used. There is radiative and convective heat transfer on each side of the
layer. The absorption coefficient, scattering coefficient and heat transfer coefficients were
varied. As the scattering coefficient increased the thermal radiation leaving the front (hot) side
increased and the thermal radiation leaving the back (cold) side deceased. Scattering can be
effective in reducing the radiative transfer through a layer for lower absorption coefficients. For
high absorption, the absorption process dominates and scattering has little effect. For low
absorption the temperature profile approach the transparent limit for all scattering considered.
For high absorption, the temperature profiles approach the opaque limit. Increasing the
scattering for high absorption brings the profiles even closer to the opaque limit. Increasing the
heat transfer coefficient had little effect on the thermal radiation leaving the layer for low
absorption. This study indicates that scattering can be effective in reducing the radiative heat
transfer in a TBC if the absorption coefficient is not high. A study on the effects of scattering
and absorption in a semitransparent layer on a substrate should be done to confirm this and
determine the magnitude of these effects for a TBC.
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APPENDIX A
Fresnel’s equation for a non attenuating dielectric is (ref. 3 page 87)

p°(n) = (3n+1)(n 1) n2(n —1) (n—l) 2n°(n? +2n-1) 8n‘(n* +1) In(n)

2 6(n + " (2 +1)  \n+l - (n2+IXn4—1)+(n2+1xn4._1)2
The reflection for radiation going from a higher to lower refractive index material is ref. 9
p)=1-=1- o)
The equations for the opaque layer are.
G = [T, ~TO)+ o= p, 2} -7 (0)]
., =S 10)-7(0)]

Qo = b [T(D)-Ty [+ o1 p, Y1 (D)- T3]

These equations have to be solved simultaneously.
For a transparent layer radiation has no effect on the temperature in the layer, because is not
absorbed or emitted. The equations for a transparent layer are

Gt =M Tgl _T(O)]
=5 [70)-1(0)

qtot _h I.T gZJ



	
	
	
	
	
	
	
	
	

